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AA2 Cro, the Lysogenic Cycle Repressor, Specifically Binds to the Genetic Switch
Region of Lactobacillus casei Bacteriophage A2
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Lysogenic induction of temperate bacteriophage A2 of Lactobacillus casei is controlled by the action of its cI and cro
products at the phage operator region. Three 20-bp inverted repeated DNA segments (subsites O1, O2, and O3) and the two
divergent (PL and PR) promoters were mapped within the 153-bp operator region. The A2-encoded Cro product is shown to
be the functional homolog of l Cro. The binding of Cro to the three operator subsites is noncooperative and yields two
discrete protein–DNA complexes of retarded migration in mobility shift assays. The Kapp value for the Cro–PL–PR DNA
complex was estimated to be 6 nM. Cro shows a slightly higher affinity for O3 than for O1 and O2 subsites. The O3 subsite
overlaps the 235 hexamer of the PL promoter, which directs cI expression. A Cro mutant protein, devoid of the last 12
residues (Cro*), allowed the assignment of the DNA-binding domain to the NH2 end of Cro. The C end enhances its affinity
for the DNA and probably stabilizes bending induced by Cro. © 1999 Academic PressKey Words: Lactobacillus; phage life cycle; gene expression; DNA.
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Many lysogenic phages regulate their developmental
ate by encoding two central switches, CI and Cro, which
ulfill regulatory functions essential for the commitment
etween the lytic and lysogenic cycles (Ptashne, 1986).
I stabilizes lysogeny by repression of the expression of
rophage DNA, whereas Cro turns off the expression of
arly lysogenic phage genes while amplifying the ex-
ression of those that lead to lytic development. In the
ase of phage l, the cI and cro genes are adjacent and
ivergently transcribed. Regulation of the expression of
oth genes lies in the 84-bp intergenic region (OR) lo-
ated between them. This region harbours two diver-
ently oriented promoters, PR and PRM, with a center of
ymmetry located 41 bp apart (Fig. 1A). The PR promoter
ontrols cro transcription and other lytic functions lo-
ated in the right operon, and PRM governs transcription
f cI, the repressor gene. Interspersed with the promot-
rs are three 17-bp sequences (OR1, OR2, and OR3) that
how rotational symmetry and are specifically bound by
I and Cro. Phage induction is accompanied by a switch
rom leftward transcription of cI to rightward transcription
f cro (Ptashne, 1986; Fig. 1A). Transcriptional control at
R has been characterized in detail in the l and P22
ystems (Ptashne, 1986); studies of OR regulation have
lso been reported for phages 434 (Bushman and
tashne, 1988; Bushman, 1993), f80 (Ogawa et al., 1988),
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220nd HK022 (Cam et al., 1991). Contrary to the cases of
hese coliphages, molecular details of the lysis–lysogeny
witch used by phages from gram-positive bacteria are
carce, although several putative repressor–operator
ystems have been reported (van Kaer et al., 1988).
Lactic acid bacteria (LAB) are used as starters in many
ood and feed fermentations. These industrial processes
ndergo phage contamination, mainly due to the lack of
terility of the raw material used, which in turn causes
mportant economic losses. This problem has promoted
esearch into LAB phages and the regulation of their life
ycles. Examples include the Lactococcus phages r1t,
K5T, and Tuc2009 (Nauta et al., 1996; Boyce et al., 1995;
an de Guchte et al., 1994) as well as the Lactobacillus
hages fg1e and fadh (Kakikawa et al., 1998; Engel et
l., 1998). We are characterizing the temperate bacterio-
hage A2 that infects Lactobacillus casei and Lactoba-
illus paracasei strains because they are among those
ith the highest applied interest (Herrero et al., 1994). It
as been previously demonstrated that the A2-encoded
I product (CI) is responsible for maintaining the pro-
hage in the lysogenic state (Ladero et al., 1998). Purified
I specifically binds to a 153-bp DNA fragment that lies
etween the cI and putative cro genes. In this region,
here are two nonoverlapping divergently transcribing
romoters located back to back, PL and PR, with a center
f symmetry located 76 bp apart (see Fig. 1B). PR controls
ranscription of cro and lytic functions in the right operon,
nd PL controls transcription of the cI repressor. Three
imilar, although not identical, 20-bp inverted repeat
NA segments (operator sites O1, O2, and O3) were
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221THE PHAGE A2 CRO PROTEINound in this region (Ladero et al., 1998; Garcı´a et al.,
999; Fig. 1B). The CI protein forms only two types of
omplexes with the intergenic cI–cro DNA segment. The
igh-affinity sites, O1 and O2, are separated by a nonin-
egral number of turns in the DNA helix (the center-to-
enter distance is 46.5 bp, or 4.4 turns away; Fig. 1B).
he O2 and the low-affinity site, O3, lie on the same face
f the DNA, thus favoring DNA looping (the center-to-
enter distance is about 53.5 bp, or 5 helix turns) (Garcı´a
t al., 1999). The O1 subsite is placed downstream from
he transcription start point of cro, whereas O2 and O3
verlap with the 235 region of the PR and PL promoters,
espectively (Fig. 1B). Binding of CI to the intergenic
egment exerts a negative effect on the in vitro transcrip-
ion of PR, in a concentration-dependent manner be-
ause the RNA polymerase becomes displaced from it.
hese data indicate that CI regulates the onset of the
ytic and lysogenic pathways of the A2 phage (Garcı´a et
l., 1999).
The putative cro gene encodes a polypeptide (Cro) of
1 amino acids, which corresponds to 9180 Da (Ladero et
l., 1998). The Cro protein of phage A2 shows significant
imilarity to proteins of Streptococcus thermophilus
hages Sfi21 (43%) and TP-J34 (35%) (Bruttin and Bru¨sow,
996; Neve et al., 1998). In this report, we present data
ndicating that the A2 Cro protein is in fact a DNA-binding
rotein that recognizes the same operator region of A2
FIG. 1. Comparison of the genetic switch region of bacteriophages l
egion from phage A2. The 17-bp (in l) and 20-bp (in A2) operator sites
onsensus regions are in open boxes. The start sites of the divergently o
s indicated by a horizontal arrow. Each operator subsite contains a 7-
etween the three subsites differs. The numbers between the arrowsI protein. Moreover, a Cro deletion protein, termed Cro*, backing the last 11 or 12 amino acid residues, has been
sed to characterize functionally the roles of the different
arts of Cro. The results obtained indicate that the dif-
erent physiological responses induced by CI and Cro
ay be attributable to the different binding capacities of
he two proteins to their cognate operator regions.
RESULTS
urification of the bacteriophage A2 Cro protein
The overall structure of the region implicated in the
ysis–lysogeny switch of phage A2 resembles that of
hage l. Therefore, we hypothesized that the product
ncoded by the putative A2 cro gene could be function-
lly homologous to l Cro (Ladero et al., 1998). To test this
ypothesis, we purified the A2 Cro protein.
The 9-kDa A2 Cro protein was overexpressed as de-
cribed in Materials and Methods. A 7.5-kDa polypeptide
as also overproduced (Fig. 2, lane a). The 9-kDa Cro,
hich accounted for about 2% of the total cell protein, is
ound in the supernatant of crude extract on ultracentrif-
gation (Fig. 2, lane a). By conventional column chroma-
ography, both proteins (9 and 7.5 kDa) were purified (Fig.
, lanes b–d). The 7.5-kDa protein was separated from
he 9-kDa protein by Mono-S column chromatography
sing a very narrow salt gradient (Fig. 1, lanes e and f).
he NH2-termini of the purified proteins were sequenced
2. (A) The l region involved in the genetic switch. (B) The equivalent
2, and O3) are enclosed in shaded boxes. The 210 and 235 promoter
promoters are indicated by bent arrows. The direction of transcription
) or a 10-bp (in A2) imperfect inverted repeat sequence. The spacing
e the lengths (in bp) of the relevant features.and A
(O1, O
riented
bp (in ly automatic Edman degradation. The sequences of the
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222 LADERO ET AL.irst 10 NH2-terminal residues of the two proteins are
dentical and in full agreement with the amino acid se-
uence deduced from the nucleotide sequence of the
ro gene (Ladero et al., 1998). We termed the 9-kDa
rotein Cro and the 7.5- kDa polypeptide as Cro*.
The native molecular mass of the Cro and Cro* pro-
eins was obtained by matrix-assisted laser absorption
onization–time of flight (MALDI/TOF) mass spectrometry.
he molecular masses of Cro protein, at nanomolar con-
entrations, are 9180 (75%) and 9048 Da (25%). Those
olecular masses are in good agreement with polypep-
ides that are monomer in solution and contain and lack
he N-terminal initiator methionine, respectively. MALDI/
OF of the Cro* protein revealed that the sample con-
ains a mixture of polypeptides with molecular masses of
887 (25%), 7766 (35%), and 7607 (40%). The cleavage
ites to produce such fragments lie between residues
sn71 and Val72 (7887 and 7766, containing and lacking
he initiator methionine, respectively) and between resi-
ues Asn70 and Asn71 (7607). Sequence analysis re-
ealed that Cro* is devoid of the last 11 or 12 C-terminal
mino acid residues of Cro. The Cro protein is largely
imeric and tetrameric at high protein concentrations
micromolar range) and largely monomeric at low protein
oncentrations, whereas Cro* is monomeric at both low
nd high protein concentrations, even in the micromolar
ange. These results were confirmed by gel filtration
hromatography.
ro specifically and noncooperatively binds to the A2
I–cro intergenic region
To test whether the Cro protein could bind the cI–cro
ntergenic region of the A2 genome, the 153-bp inter-
enic stretch (obtained as a 183-bp DNA segment) was
FIG. 2. SDS–PAGE of different steps in the purification of Cro and
ro* proteins. Lane a, supernatant of high-speed centrifugation. Lane
, eluted fraction of the Q-Sepharose column. Lane c, ammonium
ulfate precipitate. Lane d, eluted fraction of the Mono S column. Lane
, purified Cro protein. Lane f, purified Cro* protein. The horizontal bars
nd numbers indicate molecular mass standards (in kDa).ncubated with Cro under different experimental condi- Dions. Afterward, the mixture was subjected to electro-
horetic mobility shift assay (EMSA), which allowed
uantification of the affinity between its components and
etermination of the type of complexes formed.
Cro–DNA complex formation was inhibited by the ad-
ition of Mg21. The extent of the reaction was partially
educed by concentrations of NaCl above 150 mM,
hereas the presence of Tween 20 (0.1%) in the reaction
ad a significant positive effect on complex formation
Table 1). The specificity of the binding between the
I–cro intergenic segment and Cro was tested with com-
etition experiments. Nonspecific DNA [non-radiola-
eled poly(dI–dC), ranging from 10 to 1000 ng] only mar-
inally affected the binding of Cro to the cI–cro intergenic
egment, even in the presence of a 5000-fold excess of
oly(dI-dC) (data not shown). Conversely, when the com-
etitor DNA was the nonlabeled cI–cro DNA, competition
as readily observed. A fivefold excess of specific com-
etitor DNA reduced Cro–[32P]–DNA complex formation
o 10% and a 10-fold excess to background levels (data
ot shown).
Binding of Cro to the operator DNA segment renders
wo discrete bands with retarded electrophoretic mobility
indicated as complexes I and II in Fig. 3A). Complex I
as preferentially formed at low protein concentrations,
hereas at higher concentrations (50 nM), only complex
I was detected. To measure the affinity of Cro for its
ognate sites, the rate of Cro–DNA complex formation
as determined as a function of Cro concentration. A
app value of 6 nM at pH 7.5 and 30°C was deduced from
he curve. The dependence of DNA retardation on the
oncentration of the protein was linear (Fig. 3B); this
uggests that Cro binds with poor cooperativity to the
I–cro intergenic DNA segment. A further indication of
he poor cooperativity, if at all, on the binding of Cro to
TABLE 1
Parameters Involved in Cro–DNA Complex Formation
as Detected Using EMSA
Experimental conditions
DNA retarded
on gel
Complete 80%
2Cro 5%
2Tween (0.1%) 30%
1NaCl (200 mM) 40%
1NaCl (300 mM) 34%
1NaCl (400 mM) 22%
1MgCl2 (1 mM) 70%
1MgCl2 (5 mM) 45%
1MgCl2 (10 mM) 25%
Note. The standard reaction was performed in a 25-ml volume with
2 pM (200 pg) of the 183-bp [32P]–DNA segment that consists of the
I-cro intergenic region and 10 nM Cro. The reaction proceeded in
uffer C for 30 min at 30°C in the presence of poly(dI–dC) as nonspe-
ific competitor (at a final concentration of 4 ng/ml). The proportion of
NA retarded was obtained through quantification of autoradiograms.
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223THE PHAGE A2 CRO PROTEINhe DNA was obtained by calculating the cooperativity
actor, t, according to the equation t 5 4 (F)(2R)/(1R)2
Wilson et al., 1993). Theoretically, a value of t of more
han or less than 1 indicates positive or negative coop-
rativity, respectively, whereas a value equal to 1 indi-
ates a lack of cooperativity. The value calculated from
he data presented in Fig. 3, t 5 1, indicates that Cro
robably binds noncooperatively to its cognate sites.
The stability of the Cro–DNA complexes over time was
etermined. After Cro–DNA complexes were formed in a
tandard binding reaction, the mixture was challenged
ith a 50-fold excess of unlabeled specific DNA for
ifferent lengths of time. Complex II was less stable than
omplex I, showing a half-life of approximately 5 min; in
ontrast, most of complex I remained stable for the entire
xperiment, lasting 90 min (Fig. 4).
To determine the functional role of the different parts
f Cro, we took advantage of the availability of its C-
erminal deletion derivative Cro*. As revealed in Fig. 5A,
FIG. 3. Determination of the affinity between Cro and the cI–cro inte
0 min at 30°C. (A) Gel shift assay of the complexes formed by increasin
83-bp DNA segment (72 pM) in the presence of a 500-fold excess
ncreasing concentrations of Cro obtained by quantification (Phosphorhe rate of Cro*–DNA complex formation was studied as bfunction of Cro* concentration. Only one retarded band
complex I) was observed even at very high protein
oncentrations (up to 1 mM). The dependence of the
NA retardation on the concentration of the protein was
inear. A Kapp value of 25 nM at pH 7.5 and 30°C was
educed from the slope of the curve (Fig. 5B).
ro binds to the three operator sites of the cI–cro
ntergenic region
For precise location of the sequences recognized by
ro, the Cro–DNA complexes were analyzed by DNase I
ootprints. The DNA sequences that determine Cro bind-
ng correspond to the operators O1, O2, and O3 previously
dentified as CI binding sites in the genetic switch region
Garcı´a et al., 1999). The top strand (50–350 nM Cro)
xhibits 11 protected stretches, of which 2 were remark-
bly long (15 6 1 nucleotides) at O2 and O3 (Fig. 6A). In
he interspaced protected stretches, phosphodiester
DNA segment. The reaction mixtures were incubated, in buffer C, for
ntrations of Cro (1, 2, 4, 8, 10, 15, 20, 25, and 50 nM) and the 32P-labeled
pecific [poly(dI–dC)] competitor DNA. (B) Fraction of DNA bound by
) of the autoradiogram shown in A.rgenic
g conce
of nonsonds hypersensitive to DNase I cleavage were identi-
wF
o
224 LADERO ET AL.FIG. 4. Stability of the Cro–DNA complex. [32P]-DNA (72 pM) was incubated with Cro (20 nM) for 15 min at 30°C (time zero), specific unlabeled DNA
as added (50-fold excess), and aliquots were taken at intervals and analyzed to determine the remaining Cro–DNA complex.FIG. 5. Determination of the affinity between Cro* and the cI–cro intergenic DNA segment. The reaction mixtures were incubated as indicated in
ig. 3. (A) Gel shift assay of the complexes formed by increasing concentrations of Cro* (0, 1, 10, 15, 20, 25, 50, 100, 500, and 1000 nM). (B) Fraction
f DNA bound by increasing concentrations of Cro* obtained by quantification of the autoradiogram shown in A.
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225THE PHAGE A2 CRO PROTEINFIG. 6. DNase I footprinting analysis of Cro–DNA complexes. (A) The 190-bp SmaI–HindIII (72 pM) DNA fragment (top strand) from plasmid pUO183
ontaining the 153-bp cro–cI intergenic region from A2 was incubated with 50, 100, 150, 200, 250, and 350 nM Cro in buffer C for 30 min at 30°C. (B)
he 169-bp XbaI–PstI (72 pM) DNA segment (bottom strand) was incubated with 12.5, 25, 50, 100, 150, 200, and 250 nM Cro. The operator sites are
ndicated. A DNA sequencing ladder was used to determine the DNA fragment lengths (not shown). To the right of the figure, the symmetric
equences that correspond to each operator, as well as their consensus sequence, are shown.
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226 LADERO ET AL.ied, most of which were located between O2 and O3.
ther phosphodiester bonds hypersensitive to DNase I
leavage were located toward the center of the opera-
ors (Fig. 6A). These periodic anomalies in the DNase I
leavage pattern imply that the DNA is highly flexible
see Hagerman, 1990; Schleif, 1992). The footprinting
ata are summarized in Fig. 7. It is likely, therefore, that
ne monomer of Cro binds to each of the arms of the
0-bp inverted repeated operator sites, and distortion of
he DNA could be generated by protein dimerization.
For the analysis of the bottom strand, lower Cro con-
entrations (12.5–250 nM Cro) were used. The bottom
trand exhibits 12 protected stretches (Fig. 6B). The pro-
ected domains are interspaced by sites hypersensitive
o DNase I cleavage. The several hypersensitive sites
etween O2 and O3 are separated from each other by
0 6 1 nucleotides (Fig. 7), that is, about one helical turn
n double-stranded DNA. These periodic anomalies in
he DNase I cleavage pattern imply that the DNA is
eformed by Cro binding (reviewed in Schleif, 1992).
We have documented that Mg21 exerts an inhibitory
ffect on Cro–DNA complex formation (see Table 1). The
mount of Cro required to protect against DNase I cleav-
ge of the three cognate sites is at least threefold higher
han it is in the EMSA experiments, which were per-
ormed without added Mg21 (150 versus 50 nM; Figs. 6
nd 3), possibly, due to the inhibitory effect of MG21
which is necessary for the DNase I to function) has on
ro binding to the DNA.
The binding of Cro to each of the operators is concen-
ration dependent. Thus binding to O3 became evident at
FIG. 7. Scheme of the stretches protected by Cro in the cI–cro interg
he start points of transcription (*) and the 210 and 235 regions of the
equences of the operators are shown by converging arrows, and hyp0 nM Cro, as judged by the presence of hypersensitive conds in the center of the operator, whereas binding to
2 and O1, based on the same parameter, was detected
nly at 150 nM Cro.
The formation of Cro*–DNA complexes was also ana-
yzed by DNase I footprints. No apparent difference was
ound in the pattern of protection with respect to that of
ro, and again binding to each of the operators was
oncentration dependent. Cro* binding to O3 occurred at
5 nM, whereas 150 and 225 nM concentrations were
ecessary to detect binding to O2 and O1, respectively
data not shown).
DISCUSSION
A temperate bacteriophage can exist in one of two
evelopmental states: lytic or lysogenic. For temperate
oliphages, the entry into these states relies on a lysis–
ysogeny transcriptional switch. Prophage induction re-
uires that the transcriptional switch be set to the lytic
ode by relief of repression of the lytic promoters by the
mmunity repressor. In the archetypal phage l, the Cro
rotein is thought to assist derepression of lytic promot-
rs by repressing transcription of the immunity repressor
ene cI from the PRM promoter (Johnson et al., 1981).
Despite the differences between the immunity region
f phage A2 and the lambdoid phages, the control of
ranscription in A2 generally follows the rules worked out
n the l system (Ptashne, 1986). From the data presented
n this communication, it may be deduced that the bac-
eriophage A2 Cro protein specifically, and in a nonco-
perative manner, binds (Kapp 5 6 nM) the intergenic
gion of phage A2, based on the data obtained from Fig. 6. In addition,
d PL promoters (Garcı´a et al., 1999) are indicated. The inverted repeat
itive sites are indicated by pointed arrows.enic re
PR anro–cI DNA segment (O1, O2, and O3 subsites) and bends
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227THE PHAGE A2 CRO PROTEINhe DNA. This DNA stretch was previously shown to bind
I (Kapp 5 7 nM) in a cooperative fashion.
The CI protein specifically interacts with the O1 and O2
ites, which are placed downstream of the transcription
tart point of the cro gene and overlapped with the 235
egion of the PR promoter, respectively, and with low
ffinity with O3, which overlaps with the 235 region of the
L promoter. CI exerts a negative effect on the in vitro
ranscription of the PR promoter, which governs expres-
ion of cro and other genes located downstream of it
Garcı´a et al., 1999).
The binding of Cro occurs precisely at the three DNA
equences previously shown to function as operators of
he genetic switch that governs the entry of the phage
nto the lysogenic or lytic cycles. The Cro protein binds
irst to O3 and then to O2 and O1. It was noticed that the
hree operators of phage l partially differ in their se-
uences. This was postulated to be essential in the
ffinity discrimination of each protein for its cognate
inding sites (Brennan et al., 1990). Presently, the ability
f A2 Cro to discriminate among the subsites O3, O2, and
1 has not been established. Because O3 overlaps the
35 hexamer of PL, it may be deduced that binding of
ro would result in prevention of expression of the pro-
oter that governs cI expression. These data also pre-
ict that accumulation of Cro would result in its binding
o O2 and O1, which are located at or downstream of PR,
espectively. This presumably would result in repression
f the last promoter and, consequently, in the arrest of
ro biosynthesis. The affinity of Cro for its cognate sites
n the cI–cro intergenic region contrasts with the behav-
or of CI, which is exactly the opposite, helping to confirm
he role of phage A2 Cro as the alternative repressor that
eads the phage into the lytic cycle.
Wild-type A2 Cro, which is a polypeptide of 81 resi-
ues, shares a significant degree of identity with the
6-residue l Cro protein (Ladero et al., 1998). It is likely,
herefore, that A2 Cro protein shares a similar structure
ith l Cro (Sander and Schneider, 1991). In the case of
ro, at the C-terminal end are located the b3b39 antipa-
allel ribbon (residues 54–56 and 549–569) that form part
f the dimer interface and the last five residues that are
ocated in the vicinity of the DNA backbone (Anderson et
l., 1981; Albright and Matthews, 1998). The availability of
deleted form of Cro, lacking the last 11 or 12 residues,
llowed the assignment of roles to different parts of the
olypeptide synthesized by phage A2. Because both Cro
nd Cro* render similar protection patterns in DNase
-based footprint experiments, we conclude that recog-
ition and binding to the DNA occur through their NH2-
erminal ends, which agrees with the previous finding of
helix-turn-helix motif in this region of the proteins
Ladero et al., 1998). In addition, it may be concluded that
he C-terminal end of Cro plays a role in the stability of
he complex, in the formation of Cro dimers on binding toNA, and in the type of complex formed because the rro* Kapp value is at least fourfold lower than that of Cro;
nly one type of Cro*–DNA complex (complex I) was
bserved using EMSA experiments, and the results from
he gel filtration experiments suggest that Cro* is unable
o dimerize, at least in the range of protein concentra-
ions tested. We hypothesize that a change in the shape
f the DNA would allow the generation of complex II;
owever, if stabilization of that structure was promoted
y interactions of the C-terminal parts of the Cro mono-
ers, complex II would not be observed when Cro* was
sed. If the complexes were made as predicted, it would
e expected that the stability of complex I is higher than
hat of complex II because the first depends only on the
inding of the polypeptides to the DNA, whereas the
econd needs, in addition, a change in its shape. The
ata on the relative stability of complexes I and II agree
ith this prediction.
The data on the roles played by the different domains
f the phage A2 Cro protein further add to the parallelism
lready indicated between the genetic switch of l and
2. In addition, the NH2-terminal end of the protein har-
ours the motif of DNA recognition and binding, whereas
he C-terminal end provides a flexible connection be-
ween the monomers, a critical factor in modulating the
ffinity of the wild-type protein for the DNA (Hubbard et
l., 1990).
To our knowledge, the control mechanisms that direct
2 into either the lytic or the lysogenic cycles are the first
escribed for a phage that infects a gram-positive host.
he main conclusion of this work is there is an overall
imilarity of the systems found in the coliphages, despite
he different habitats of their hosts and, presumably, of
heir evolutionary constraints. This indicates that the
egulation mechanism is so efficient and so well tuned
hat it has spread throughout the entire bacterial king-
om. As more temperate phage genomes are se-
uenced, it becomes clear that most of them present
imilar putative regulation mechanisms; however, the
ack of sequence similarity among the repressors in-
olved in cycle regulation excludes the possibility of
evising a common evolutionary tree into which partic-
lar phages may be placed.
MATERIALS AND METHODS
acterial strains, plasmids, and media
Escherichia coli XL-1Blue (Bullock et al., 1987) and
H10B (GIBCO-BRL) were used as recipients of plasmid
onstructions. E. coli BL21(DE3)/pLys was used in ex-
ression studies of the genes cloned into plasmid
ET11a (Studier et al., 1990). Plasmids pLys (Studier et
l., 1990) and pUC18 (Yanisch-Perron et al., 1985) have
een previously described. E. coli was grown and main-
ained on Luria media (Sambrook et al., 1989). Antibiotic-
esistance transformants were selected using 100 mg/ml
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228 LADERO ET AL.mpicillin and/or 25 mg/ml chloramphenicol as appropri-
te.
NA manipulations
Plasmid DNA was obtained through use of the alkaline
ysis method (Birboim and Doly, 1979) and purified
hrough a CsCl gradient (Sambrook et al., 1989). Analyt-
cal and preparative gel electrophoreses of plasmid DNA
nd restriction fragments were carried out in 0.8% (w/v)
garose/Tris–borate horizontal slab gels or 8% (w/v)
olyacrylamide/Tris–borate gels. Purification of DNA
ragments was carried out by electroelution (Sambrook
t al., 1989).
The 153-bp DNA segment containing the intergenic
egion between cI and the putative cro gene was ob-
ained by PCR amplification (Garcı´a et al., 1999). The
mplified DNA fragment was purified and then cloned
nto HincII-cleaved pUC18 to generate pUO183. A 183-bp
amHI–HindIII segment containing the 153-bp intergenic
egion was purified by electroelution and end-labeled by
illing in the staggered ends through the use of DNA
olymerase I (Klenow fragment) in the presence of
a-32P]dCTP (3000 Ci/mmol; Amersham) and cold dTTP,
ATP, and dGTP.
Plasmid pET11a-cro was constructed as follows:
rimer 59-GGAGGCAATCATATGACAC-39, which includes
he start of translation of cro, and 59-CATTGGATCCTTAT-
AACAACCAC-39, which corresponds to a sequence lo-
ated downstream of it, were used to amplify the encom-
assed region. The primers were designed to introduce
deI and BamHI restriction sites (underlined). The am-
lified DNA segment was purified, digested with the
bove enzymes, and ligated to NdeI–BamHI-cleaved
ET11a, and the ligation mixture was transformed into E.
oli BL21(DE3)/pLys.
rotein purification
Overexpression of Cro was achieved by the addition of
mM isopropyl b-D-thiogalactoside (Boehringer Mann-
eim) to exponentially growing cultures of E. coli
L21(DE3)/pLys carrying pET11a-cro. After 30 min, rifam-
icin (200 mg/ml final concentration) was added, and the
ells were further incubated for 90 min. The cells were
arvested, resuspended in 25 ml of cold buffer A/liter of
ulture (buffer A 5 50 mM Tris–HCl, 50 mM NaCl, 1 mM
TT, pH 7.5), and broken by passage through a French-
ress. During the purification procedure, all steps were
erformed at 4°C. Crude extracts (total protein concen-
ration of about 20 mg/ml) were centrifuged (12,000 g, 30
in), and the supernatant was ultracentrifuged (100,000
, 1 h). The pellet was discarded, and the supernatant
as loaded onto a Q-Sepharose column (Pharmacia)
quilibrated with buffer A. The Cro protein did not bind to
his resin under the conditions used and then was re-
overed in the washing volume. This fraction was made X0% (NH4)2SO4, stirred for 1 h, and centrifuged (12,000 g,
0 min) and the precipitate was discarded. The super-
atant was raised to 80% (NH4)2SO4 and centrifuged as
escribed above, and the resulting pellet was sus-
ended in buffer B (50 mM sodium phosphate buffer, pH
.5) and applied to a Mono S column (FPLC) equilibrated
ith buffer B. The column was washed with buffer B and
luted with a linear gradient of 0.25–0.5 M NaCl in buffer
. Both proteins, Cro and Cro* (a deletion mutant protein
roduced during overexpression of Cro), eluted at a NaCl
oncentration of approximately 0.3 M. The fractions con-
aining both proteins were pooled, diluted to 0.1 M NaCl
ith buffer B, rechromatographed in the same column,
nd eluted with a gradient of increasing salt concentra-
ions (0.25–0.35 M NaCl). The fractions containing pure
ro or Cro* (as judged by SDS–PAGE) were pooled,
iluted in glycerol (50% final concentration), and stored at
20°C. The protein concentration was measured using
he BioRad protein assay. The NH2-terminal amino acid
equences of the proteins were determined by Dr. E.
e´ndez (Centro Nacional de Biotecnologı´a) by auto-
ated Edman degradation in a pulsed-liquid phase se-
uencer (model 476; Applied Biosystems).
The masses of the Cro and Cro* proteins were deter-
ined by Dr. E. Me´ndez (Centro Nacional de Biotecno-
ogı´a) using MALDI/TOF mass spectrometry with dihy-
roxybenzoic acid as matrix on the Hewlett Packard
2025A MALDI/TOF system. The residual fractions were
nalyzed by peptide sequence analysis using the
ewlett Packard G1005A protein sequencing system.
Gel filtration experiments were made in an FPLC col-
mn, using Superdex-75 as matrix, equilibrated with 25
M Tris–HCl; pH 7.5, containing 150 mM NaCl.
MSA
The end-labeled 183-bp DNA fragment (200 pg, 72 pM)
as incubated with increasing amounts of Cro/Cro* pro-
ein in 25-ml reactions containing buffer C (50 mM Tris–
Cl, 100 mM NaCl, and 0.1% Tween 20, pH 7.5) at 30°C
or 30 min in the presence of poly(dI–dC) as unspecific
ompetitor (at a final concentration of 4 ng/ml). The re-
ction mixture was loaded onto a 5% (w/v) nondenaturing
olyacrylamide gel. Gels were run at 100 V in TAE buffer
40 mM Tris-acetate, 1 mM EDTA, pH 8) at room temper-
ture. Gels were vacuum-dried and analyzed by autora-
iography. Quantification of the Cro/Cro*-operator com-
lexes separated in these gels was performed using an
nstant Imager (Packard). The degree of DNA–protein
ybrid formation was quantified by dividing the amount
f complex formed by the amount of residual-free DNA.
Nase I footprinting
The SmaI–HindIII or XbaI–PstI DNA fragments ob-
ained from pUO183 were end-labeled at the HindIII or
baI sites with DNA polymerase I (Klenow fragment) and
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229THE PHAGE A2 CRO PROTEINa-32P]dCTP (3000 Ci/mmol; Amersham). End-labeled
NA (72 pM) was incubated for 30 min at 30°C in the
bsence or presence of Cro/Cro* in 25-ml reactions in
uffer C plus poly(dI–dC) as unspecific competitor (at a
inal concentration of 4 ng/ml), followed by the addition of
reshly diluted DNase I (Boehringer Mannheim) (at a
oncentration to obtain, on average, one cut per mole-
ule) and 10 mM MgCl2 (final concentration). The mixture
as incubated at 30°C for 5 min, and the digestion was
topped by the addition of 1 ml of 0.5 M EDTA, pH 8. The
NA was precipitated, redissolved in loading buffer,
lectrophoresed on a 6% denaturing polyacrylamide gel,
nd autoradiographed. Chemical sequencing reactions
Maxam and Gilbert, 1980) for purines, obtained via an
xpress protocol (Belikov and Wieslander, 1995), were
un in parallel to determine the size of the DNA frag-
ents generated.
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